Abstract-This paper presents a single-step backside ultraviolet lithography method, namely droplet backside exposure (DBE), for making slanted microneedle structures monolithically on a flexible polymer substrate. To demonstrate the feasibility of the DBE approach, SU-8 microneedle arrays were fabricated on polydimethylsiloxane substrates. The length of the microneedles was controlled by tuning the volume of the SU-8 droplet, utilizing the wetting barrier phenomenon at a liquid-vapor-hydrophilic surface-hydrophobic surface interface. The experimental results show excellent repeatability and controllability of the DBE method for microneedle fabrication. Analytical models and the finite element method were studied to predict the dimensions of the microneedles, which agreed with the experimental data. To verify the versatility of the proposed DBE method, different microneedle structures were implemented, including a slanted hollow microneedle array and a slanted microscale waveguide (µ-waveguide) array. Furthermore, an as-fabricated µ-waveguide array was coupled with a microlight-emitting diode array, which can potentially be utilized as an optical neural interface for applications in optogenetics-based neural stimulation.
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I. INTRODUCTION

M
ICRONEEDLES based on microelectromechanical systems (MEMS) technologies have been an attractive topic for decades, since they can serve as an interface between an organic system and an external micro device [1] . Such interfaces are capable of either delivering a liquid substance such as a drug, protein, or nano-particles into the organism, or extracting biofluids from the organism for analysis [2] . In addition, microneedles can be used as microelectrodes to interface with the nervous system for neural recording and stimulation [3] . Recently, optically transparent microneedles made of glass [4] and polymer [5] were reported as microscale waveguides (μ-waveguide) for optical neuromodulation based on optogenetics, which extends the potential range of microneedle applications.
Typically, microneedles can be classified into two groups depending on their geometries: in-plane microneedles and out-of-plane microneedles. In most cases, in-plane microneedles are fabricated with conventional silicon MEMS techniques and can be used for precise drug delivery to a target region or tissue of the body [1] , whereas out-of-plane microneedles require complex fabrication processes and can be made over a large area and with a high yield and excellent repeatability. Out-of-plane microneedles have been widely used in hypodermic drug delivery applications [1] , [2] , [6] - [8] and cortical neural interfaces [9] . Therefore, in this study, we focused our discussion on microfabrication techniques for making out-of-plane microneedles.
To date, a wide variety of materials, such as silicon, metal, glass, polymers, and biodegradable materials, have been used to fabricate out-of-plane microneedles, depending on a target organism and/or a specific application of the interface [2] . Various microfabrication methods have also been developed based on different building materials. For example, siliconbased out-of-plane microneedles were typically fabricated using either reactive-ion etching (RIE) [2] or a combination of anisotropic wet etching, deep-RIE, and anisotropic bulk micromachining processes [10] , [11] . Metal microneedles were developed using electroplating onto a seed layer sputtered on polymer micromolds [12] . Moreover, glass microneedles were made using a conventional micropipette puller, or micromachining and then etching a thick glass substrate [4] . These fabrication approaches, however, are labor intensive and costly. With superior biocompatibility and low-cost manufacturing capability, polymeric materials have become ideal candidates for constructing microneedles [8] , [13] , [14] . Previously reported methods include soft lithographic replication by melting polymer into a master mold as well as backside exposure using a photoresist such as PMMA and SU-8 [8] , [12] , [14] .
Despite advances in microfabrication, microneedle arrays fabricated with the aforementioned methods typically have a uniform length. These arrays are primarily designed for applications of hypodermic drug delivery and are not suitable for specific applications that require comprehensive access to different locations of an organism, which might have distinctive functional properties. As an example, peripheral neuroprostheses interfacing with peripheral nerves or muscles require selective stimulation of a large number of individual muscle groups with graded recruitment of force, in order to restore motor and sensory functions. In addition to peripheral neural interfaces, brain machine interfaces (BMIs) utilize the cerebral cortex as a major target because of its accessibility and its key role in cognition, sensory perception, and motor control [9] . One of the distinguishing features of the cerebral cortex is its layered structure, where different cortical layers contain characteristic distributions of neuronal subtypes and form complex connections with other cortical and subcortical regions. For these applications of neuroprosthetic interfaces, a varying-length or slanted microneedle array is necessary. One such example is the Utah Slanted Electrode Array (USEA), which has been demonstrated to provide comprehensive access to multiple independent motor neuron subpopulations [15] . While there is a critical need for slanted microneedle arrays, fabrication techniques for making such arrays have not been studied extensively. Currently, only few methods have been reported. In particular, the USEA was fabricated by dicing and etching bulk materials, such as silicon or glass [3] , [4] . This method, however, requires specialized micromachining tools and bulk materials, which may limit its adaptation by most researchers in the field. Stacking in-plane microneedles with different lengths is another way to build a varyinglength microneedle array, but this approach requires a complex assembly process [16] . Whereas the polymer-based backside exposure method allows for precise length control with different mask aperture sizes [17] , independent control of the microneedle dimensions (e.g. length, tip and bottom diameters) is not possible.
To address these challenges, we have proposed a unique fabrication technique, called droplet backside exposure (DBE), for making polymer-based (SU-8) varying-length microneedle structures. Microneedles with different lengths can be achieved using the height variance in the profile of a droplet structure through rapid, single-step ultraviolet (UV) lithography (Fig. 1) . This DBE technique enables the independent control of the length, tip and bottom diameters of individual microneedles, without using specialized micromachining techniques. In the following sections, we will detail the principle of the proposed method, the fabrication steps of the DBE, and its adapted processes for making a slanted hollow microneedle array and a μ-waveguide array coupled with micro light-emitting diodes (μLEDs) for multi-depth optical neural stimulation. Our experimental results demonstrated the repeatability and versatility of this fabrication method.
II. METHOD
A. Principle
Our proposed DBE technique takes advantage of a wetting barrier phenomenon occurring at a four-phase interface [18] . An analytical model for designing slanted microneedle arrays, approximated based on the geometry of an ideal partial sphere droplet: (a) a diagram of an ideal partial sphere, or a spherical cap; (b) the ideal droplets, formed on the hydrophilic surface, with a minimum CA (α min ) and a maximum CA (α max ), respectively; (c) the relationship between two partial spheres, V 1 and V 2 .
Generally, the shape of a liquid droplet on a homogenous solid substrate is governed primarily by the surface free energy of the substrate. However, for a four-phase interface such as a vapor-liquid-hydrophilic surface-hydrophobic surface interface, the spreading of the liquid is restricted by the wetting barrier formed at the boundary between the hydrophilic and hydrophobic regions. Consequently, the contact angle (CA) of the droplet can vary within a certain range, with a maximum value corresponding to the equilibrium CA of the liquid on the hydrophobic surface, as shown in Fig. 2b .
If we assume that the droplet is a perfect partial sphere with a pre-defined diameter, a relationship between the CA and the volume of the droplet can be estimated. Based on this principle, we derived an analytical model to determine the maximum volume of the liquid sustained in a pre-defined pattern and to predict the length variation of microneedles. At equilibrium, the volume of the liquid droplet can be calculated using the equation for the volume of a spherical dome, as given below:
where V is the actual volume of the liquid delivered to the substrate and α is the equilibrium CA of the droplet [19] . The diameter of the interface between the droplet and the hydrophilic surface, denoted as d in Fig. 2b , is pre-defined so the relationship between R and d can be derived as:
By substituting R with d in Eqn.1, the liquid volume can be rewritten as a function of the pre-defined interfacial diameter and the equilibrium CA (α) of the droplet.
Once the CA of the droplet is determined by the volume, the profile of the droplet can be estimated. h max is defined as the maximum height of the droplet, which can be estimated using a trigonometric relationship of R and α, as shown in Fig. 2a .
Then the length (h) of a microneedle formed at a certain distance (b) from the center of the droplet can be calculated using a relationship between two partial spheres V 1 and V 2 in Fig. 2c , as given below:
In this study, the choice of liquid was SU-8 for polymerbased microneedle fabrication. Particularly, SU-8 3005 (with 50% resin solid, MicroChem Corp., Newton, MA) was used, because its low viscosity (65 cSt) allows accurate volume to be dispensed. Polydimethylsiloxane (PDMS) was selected as the flexible substrate material, because the innate PDMS surface is lyophobic to the primary solvent of SU-8, cyclopentanone, and can be effectively modified to super lyophilic through oxygen (O 2 ) plasma treatment. Among the same array, dimensions of a single microneedle, including its tip diameter, base diameter, and length, can be designed precisely based on the above analytical model. More specifically, the base diameter is determined by the diameter of the mask aperture, while the tip size is closely associated with the inclined angle of the tapered microneedle and the thickness of the SU-8 coating [17] . Since the inclined angle is mainly controlled by the separation between the absorber on the photomask and the top surface of the SU-8 droplet [14] , the only adjustable parameter is the thickness of the SU-8 layer. Because this thickness varies in a predictable manner across the SU-8 droplet, the length and tip diameter can be controlled by tuning the distance from the mask aperture to the center of the droplet.
B. Volume Shrinkage and Gravity Effect
Factors that must be considered to achieve more accurate length estimation are the gravity effect of the droplet and the volume shrinkage caused by solvent evaporation and crosslinkage. When a droplet is placed on a horizontal surface, the droplet's shape will be deformed by the gravity force. This effect depends on the size of the droplet as well as the given materials. Since the proposed method assumed that the droplet is an ideal partial sphere, the analytical estimation would not be accurate for a large-size droplet with significant gravity effect. Vafaei et al. reported an analytical model to estimate the droplet geometry under gravity effect in [20] , but this model requires experimental measurements of the maximum height, CA radius, and equilibrium CA of the droplet. In order to study the gravity effect, we performed finite element simulation in COMSOL Multiphysics 4.3 using the Laminar Two-Phase Flow (Level Set) model. Two different diameters of the plasma-treated lyophilic circle (d), 3 mm and and 7 mm, were studied. The equilibrium CAs of SU-8 was ab out ∼10°on the plasma-treated PDMS and ∼58.7°o n the untreated PDMS, measured by a CA analyzer. The simulation used 7.95 mm 2 /s for the kinematic viscosity of SU-8 3005 at an elevated temperature (between 60°C and 95°C) [21] . We assumed the SU-8 density of 1.075 g/cm 3 and the surface tension of ∼48 mN/m [21] , [22] . The droplet was defined as a hemisphere at t = 0 s, with a radius varying from 0 mm to 1.4 mm in the case of a 3 mm base diameter and from 0 mm to 3.4 mm in the case of a 7 mm base diameter, in 10 μm increments. During the simulation, the droplet continuously spread over the heterogeneous substrate until its CA reached the maximum equilibrium CA (∼56°for SU-8 on untreated PDMS). Then the maximum height of the droplet for each individual radius was recorded before and after applying the gravity effect, and plotted as a function of the droplet volume (Fig. 3) . The simulation results suggest that the gravity effect on the maximum height of the droplet was negligible when droplets had a small base diameter and low volume sizes. For a large base diameter of 7 mm, when the droplet volume was greater than 25 μL, the gravity effect caused a significant reduction in the maximum height by over 10%. Compared to the experimental data, our current analytical model is considered to be valid with an error of less than ∼8.0%, for a droplet with a base diameter of ≤ 7 mm and a volume of ≤ 25 μL. Slight oscillation of the SU-8 surface was observed during the transient analysis of the Level Set model, which was assumed to have a negligible effect on the droplet's shape.
Volume shrinkage due to solvent evaporation and SU-8 cross-linking was modeled by assuming that the droplet still remains a spherical shape after pre-and post-baking. The volume shrinkage factor of ∼7.5% was estimated based on empirical analyses in which the contact angles and the volumes of one hundred droplets were measured and compared before and after baking. Our empirical result is consistent with the findings reported by Lorenz et al. [23] . Applying this factor in Eqn. 1 results in a new formula for calculating the actual droplet volume, V act , as expressed in Eqn. 6.
where S is a percentage of solid in SU-8 solution multiplied by 0.925.
III. FABRICATION METHODS
A. Basic DBE Fabrication Process
Fig. 4a depicts the core fabrication process flow of the DBE method. Specifically, (a-1) well-mixed PDMS (Sylgard 184, D-ow Corning, Midland, MI) pre-polymer components in a 10:1 ratio were degased under vacuum until no bubbles appeared (20∼30 minutes). PDMS was then spun on a clean 3 glass wafer. After the PDMS was cured for 40 min at 95°C, photoresist (PR, S1813, Shipley, Marlborough, MA) was spun onto the PDMS. Circular patterns with various diameters (3∼7 mm) were formed in the PR layer through photolithography, followed by an O 2 plasma treatment to define lyophilic areas to contain SU-8 droplets. (a-2) After removing the PR masking layer, SU-8 3005 was dispensed on top of the plasma-treated PDMS areas using a micropipette. Next, SU-8 droplets were pre-baked at 95°C for 12 hours in a vacuum oven, and then (a-3) patterned with the backside exposure to form slanted microneedle arrays followed by postbaking at 95°C for 30 min. (a-4) After SU-8 development, the slanted microneedle arrays were cleaned with a short O 2 plasma treatment at power of 300 W and gas pressure of 0.5 Torr for 5 min. (a-5) Finally, the flexible microneedle arrays were released from the glass wafer and hard-baked at 150°C for 2 hours.
B. A Slanted Hollow Microneedle Array
The basic DBE method is fully adaptable to the fabrication of hollow microneedles, by constructing a multilayer masking structure for the backside exposure process. In this case, a metal mask was first patterned on the top side of a glass wafer, and then a second mask was placed on the bottom side of the same wafer after pre-baking the SU-8 droplet. Due to the different separations between the two masks and the bottom of the SU-8 droplet, the outside wall of the microneedle will have a larger inclining angle, while the inside wall will have a smaller angle, resulting in a hollow needle structure [14] . Fig. 4b depicts the fabrication process flow for making slanted hollow microneedles using the modified DBE method. Overall fabrication flow was similar to the core DBE process introduced in Fig. 4a . Additionally, two important steps were incorporated in order to form channels through the PDMS substrate and the microneedles. Briefly, (b-1) a 3 glass wafer was cleaned by IPA, acetone, and deionized (DI) water, and then a metal (Al) mask was patterned on the wafer. (b-2) Approximately 80-μm-thick PDMS was spun (800 rpm for 40 sec) and cured for 40 min at 95°C. Then another layer of metal was deposited and patterned as a RIE etching mask. (b-3) A mixture of CF 4 and O 2 was utilized as the reactive gas to etch through the channels in the PDMS layer. (b-4) After removing the RIE etching mask, the subsequent processing steps were the same as the steps (a-2) to (a-5) in the core fabrication process.
C. Slanted 3-D Waveguide Array for Optical Neural Stimulation
To demonstrate the potential application of our slanted microneedles in neuroprosthetic interfaces, we integrated a solid microneedle array with a planar μLED array to form a three-dimensional (3-D) optical neural interface [5] , [24] for optogenetics, which recently has been demonstrated to enable modulation of specific neuron types with sub-millisecond temporal precision and rapid reversibility [25] . Compared to conventional MEMS optical probes, which permit light delivery only to a certain depth, our integrated optical array allows precise light delivery to multiple cortical layers simultaneously, utilizing the slanted microneedles as optical μ-waveguides.
The fabrication of this slanted 3-D LED-waveguide array was divided into two steps: the μLED array and the slanted waveguide array. The specific fabrication method is shown in Fig. 4c. (c-1) A 3 glass wafer was cleaned and dehydrated. A ∼50 μm SU-8 layer was spun onto the wafer and patterned as the mock LEDs. (c-2) A thin layer of PDMS (∼80 μm) was spun on the SU-8 master to form cavities that matched the shape of the LED. (c-3) After the PDMS was cured at 95°C for 40 min, PR was patterned on the PDMS substrate to expose 7-mmdiameter circles, followed by the O 2 plasma treatment to convert the exposed lyophobic areas to the lyophilic ones. (c-4) After removing the PR mask, ∼45 μL SU-8 3005 was dispensed on top of the plasma-treated PDMS surface using a micropipette. SU-8 droplets were pre-baked at 95°C for 12 hours in a vacuum oven, and (c-5) patterned with the backside exposure to form the microneedles followed by postbaking at 95°C for 30 min. (c-6) After SU-8 development, the rough surface of the array was smoothed by O 2 plasma treatment at power of 300 W and gas pressure of 0.5 Torr for 5 min and hard-baked at 150°C for 2 hours. (c-7) A thin layer of aluminum was thermally evaporated as a reflective shield for the waveguide array. The metal layer on the tips was then removed using chemical wet etching, while the metal layer on the sidewall of the waveguide was protected using an SU-8 mask. The SU-8 mask was formed by dispensing SU-8 onto the region with the microneedles. During prebaking, SU-8 reflowed due to the capillary effect, resulting in a thick resist layer surrounding the microneedles and a thin layer on the tip [7] . After removing the thin SU-8 coating from the tip with oxygen plasma, the tip was exposed by metal wet etching, followed by dissolving the SU-8 mask in the developer. (c-8) The membrane carrying the microneedle array was released from the glass wafer and then (c-9) the cavities in the membrane were aligned to the LED chips on the μLED array and bonded with polymer adhesive. Details of the μLED array fabrication can be found in [26] .
IV. RESULTS
Prior to microneedle fabrication, the equilibrium CAs of the SU-8 on both intact and plasma-treated PDMS substrates were measured using a CA analyzer, as shown in Fig. 5b , in order to guide the design of the microneedle arrays. The intrinsic CAs on lyophobic, α max , and lyophilic, α min , PDMS substrates were ∼58.7°and ∼10°, respectively. With an interfacial diameter (d) of 7 mm, the maximum height of the droplets (h max ) was estimated to range from 306 μm to 1968 μm, corresponding to the droplet volumes of 18 μL to 38.7 μL. Fig. 5c shows a slanted microneedle array, which was fabricated with the droplet diameter of 7 mm using the proposed DBE method. This array had an overall slope of ∼35.2°, resulting from the droplet volume of 20.4 μL. Circularly arranged microneedles, fabricated from a 20 μL droplet, are shown in Fig. 5d . The SEM images of the as-fabricated hollow microneedle array are presented in Fig. 5e and f.
Fluid transport through the fabricated hollow microneedle was demonstrated in Fig. 5g , in which a petri dish was filled with DI water and a slanted hollow microneedle array was placed in the dish. Once the array was stabilized, a drop of dye (methylene blue) was dispensed on the PDMS substrate where the backside of the hollow channels is located. The dye was transported through the hollow channel and released into the DI water as shown in Fig. 5h .
A representative prototype of the integrated, slanted μLED-waveguide array is shown in Fig. 5g . We examined the flexibility of this array by implanting the array in gelatin (20% w/w) with different surface curvatures. As shown in Fig. 5h , the flexible PDMS substrate wrapped around the curved surface conformally, while the waveguides penetrated perpendicularly into the bulk gelatin. This result demonstrates that a combination of the flexible substrate and the rigid waveguide structure offers potential applications for not only cortical implantation, but also spinal cord and peripheral nerve implantation. Specifically for peripheral nerve implants, each row of waveguides could target selectively axon bundles of different depth without deforming the nerve.
A. Dimension Control
Consistency of the DBE method was first investigated empirically with a fixed droplet volume. In this study, ten 25 μL SU8 droplets were dispensed on O 2 plasma-treated PDMS circles with 7 mm diameter, resulting in an average CA of 41.5°. Ten waveguide arrays were fabricated from these droplets using the basic DBE method described previously. For the backside exposure, it has been found that the tip size of the tapered microneedles increases as the separation between the mask and the top SU-8 layer decreases [14] . Thus, in order to achieve a uniform tip size of microneedles, we changed the aperture diameter of the mask from 140, 120, 100, to 80 μm, corresponding to the distance from the droplet center of 780, 1440, 2130, and 2830 μm, respectively. The average heights of the fabricated microneedles were measured and plotted against distance from the center, thus producing an estimate of the droplet profile (Fig. 6a) . The error bars in Fig. 6a indicate standard deviation. The waveguide lengths were close to the estimated values with standard deviations of less than 5%, demonstrating the excellent repeatability and reliability of the proposed DBE method.
We also studied the relationship between droplet volume and microneedle length. With the same base diameter of 7 mm, the droplet volume was varied from 10 to 27 μL in 0.5 μL increments, and the same mask apertures as described above were applied. Ten arrays of microneedles were made for each volume size, and their lengths were measured from the SEM images and compared with the theoretical values estimated from Eqn. 6. The measured heights of the microneedles were well fitted with their estimated lengths with standard deviations of less than 5%, as shown in Fig. 6b .
To further investigate the controllability of microneedle shape in the DBE method, the tip and bottom diameters of the samples fabricated in the previous section were measured and plotted, as shown in Fig. 6c . Our preliminary results showed that the base diameter of the microneedle was mainly determined by the diameter of the mask aperture and did not change with different droplet volumes, while the tip size showed a strong correlation with the change of droplet volume.
B. Characterization of Mechanical Strength
The mechanical failure of microneedles with different base diameters was also studied based on the axial loading test described in [13] , using the arrays of four single-length microneedles. The microneedles had the various base diameters of 100, 150, 200, and 250 μm, and the constant length of 900 μm and tip diameter of 25 μm. Previous study has shown that an interfacial needle area at the tip plays an important role with respect to insertion of a microneedle into skin, while other geometric parameters are less important [27] . According to this study, a 0.058 N/needle insertion force would be required for a microneedle with the tip diameter of 25 μm, corresponding to the interfacial area of 490 μm 2 [27] . During the test, each array was placed on a force gauge (Mark-10 BG5, Mark-10 Co., Long Island, NY) that was attached to a syringe pump (HA2000P, Harvard Apparatus, Holliston, Massachusetts). The station pressed the microneedle array against a rigid glass surface at the constant speed of 0.1 mm/s. The displacement of the station measured from a laser distance sensor (OADM 20I6441/S14F, Baumer Electric, Germany) and the corresponding force measured via the force gauge were acquired using a dSPACE system (DS1104, dSPACE Inc., Germany).
The maximum force measured immediately before a reduction was seen as the critical force required for needle failure due to buckling. Fig. 7a shows the failure forces for individual microneedles with four different base diameters, estimated by dividing the total measured force by the number of microneedles on each array. Ten sample arrays were measured for each base diameter, and the relationship between the failure force and the base diameter is shown in Fig. 7b (the error bar indicating standard deviation). The results suggest that micro needles with base diameters of larger than 100 μm are mechanically robust enough to facilitate penetration into skin, since the average force of the microneedle with a 100 μm base diameter (0.12 N/needle) is above the required insertion force (0.058 N/needle) in [27] .
C. Optical Properties
As important parameters for optical neural stimulation, we characterized the geometric effect of microneedles on the irradiance and total flux of transmitted blue light, using a ray tracing method (TracePro®, Lambda Research Co., MA). The normalized irradiance and the total flux were measured at a 100 μm distance from the microneedle tip, as the function of the tip size (Fig. 8) . With a small tip size, optical throughputs tend to spread out, resulting in divergent irradiance, while a large tip size leads to concentrated irradiance with a confined output beam. The coupling efficiency of the proposed slanted waveguide array was also studied. In this case, we assumed a typical LED radiation angle of ∼60°and inserted an 80-μm-thick PDMS layer (with the refractive index of 1.46 at 470 nm) between the LED and the SU-8 waveguide (with the refractive index of 1.59 at 470 nm). The maximum coupling efficiency of the waveguide with the tip diameter of larger than 100 μm was estimated to be around 80%, by assuming the sidewall of the waveguide was a perfect mirror and all incident light from the LED entered the base of the waveguide. Histological analysis for long-term biocompatibility evaluation (a) 4 × 4 slanted microneedle array was implanted on rat V1. (b) A coronal section (5 μm thick and stained with H&E) of the V1 after 6 months implant.
The simulation results suggest that the tip size of the microneedle must be carefully designed in order to deliver sufficient optical throughput to the target area, while permitting easy penetration of the tissue.
D. Long-Term Biocompatibility
Lastly, histological analysis was performed to evaluate longterm biocompatibility of SU-8 microneedles and to identify any evidence of trauma associated with the implanted device. All animal surgical and postoperative care procedures were approved by the Institutional Animal Care and Use Com mittee (IACUC) at Michigan State University.
For device implantation, three rodent subjects (SpragueDawley rats: 250-400 g) were anesthetized and placed in a stereotaxic apparatus. Using sterile surgical procedures, a 3-4 cm incision was made in the skin overlying the skull and a small region of bone was removed to expose primary visual cortex (V1). Dura mater was carefully removed and then a 4× 4 slanted array (300-1200 μm in length and ∼100 μm in tip diameter microneedles) was implanted in V1, as shown in Fig. 9a . Gel-form was applied on the craniotomy and the skin overlying the skull was sutured closed. The animals were allowed to recover from anesthesia, housed separately, and given pain medication and antibiotics to minimize infection. After recovery from the surgery, the rats were observed daily to detect any abnormal behavior due to the implant. None of the three animals showed noticeable behavioral changes. The rats then were euthanized at 1, 3, and 6 month periods, and histological analysis was performed. With the probes still in place, the brains were dehydrated in graded concentrations of ethanol and embedded in paraffin. The hemisphere containing the implant was sectioned into 5 μm coronal sections and stained with hematoxylin and eosin (H&E). Mild glia cell formations and a small region of tissue compression were observed around the microneedle tracks (Fig. 9b) . This result indicated that our flexible array combining a PDMS substrate with SU-8 microneedles does not cause significant damage to the brain tissue, and thus is suitable for long-term cortical implantation. Our finding also agrees with a recent study by Nemani et al. suggesting that SU-8 is suitable as an implant material by demonstrating its biocompatibility in vitro and in vivo [28] .
V. CONCLUSION
The DBE method for making slanted solid and hollow microneedles was designed, developed, and characterized in this paper. The results have shown that the three key parameters of the microneedle (the length, tip and base diameters) can be controlled precisely by manipulating the droplet volume and the mask design (the aperture diameter and the distance from the center). The measurements of these parameters were consistent with our analytical estimation, demonstrating the repeatability and controllability of the DBE method for fabricating varying-length microneedles.
In addition, flexibility and practicability of the DBE technique were proven with two adapted processes, by which a slanted hollow microneedle array and a slanted 3-D μ-waveguide array coupled with μLEDs were realized. Comprehensive experiments were conducted to study the mechanical, optical, and biocompatible properties of the as-fabricated arrays. Mechanical failure and in vivo animal tests validated that the slanted microneedle arrays are mechanically robust and biocompatible, suitable for potential biomedical applications, such as hypodermic drug delivery and chronic neural implants. Furthermore, our polymer microneedles are optically transparent and thus can be used effectively as waveguides for light delivery in optogenetic neuromodulation.
